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• Do specialists in mutualistic networks diverge faster in evolutionary time?
• A phylogeny includes the divergence time of frugivorous birds from sister taxa.
• Species were classified as specialists or generalists in seed dispersal networks.
• Divergence times of specialists were smaller than those of generalists.
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Extensive work on plant–animal mutualistic networks has shown that species in such
networks vary in their number of connections with other species, from highly connected
species (‘super-generalists’) to those connected only to a few other species (‘specialists’).
How these specieswith different degrees of network specialization differ in their speciation
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rate remains largely unexplored. Here we hypothesize that having many interaction
partners lowers the amount of leverage of any one partner, and slows coevolution.We then
explored the speciation rate in frugivorous birds in a dataset of published seed dispersal
networks, using a recent phylogeny that has a date for the divergence timeof all bird species
from their most closely related sister taxa. We found that generalist species’ divergence
time was longer than specialist species’. While there may be other correlated traits to
specialization that could contribute to this result, specialists and generalists did not vary
in the size of their global distributions, and thus specialists are not simply rarer, if the
size of the distribution reflects the species’ abundance. We discuss whether similar tests
can be applied to other kinds of plant–animal interactions, and what level of taxonomy is
appropriate to investigate to answer these sorts of questions.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
1. Introduction
In ecological and evolutionary studies, the introduction of network analysis has revolutionized our understanding of
species interactions, including both trophic interactions andmutualisms (Proulx et al., 2005). Early work incorporating net-
work approaches to mutualistic plant animals interactions (Jordano, 1987; Bascompte et al., 2003), focused on the topology
of the network architecture. One pattern seen repeatedly in mutualistic networks is that species have skewed distribu-
tion of links per species, with some very connected species and many poorly connected ones (Vázquez et al., 2009). Poorly
connected species are generally called ‘‘specialists’’, and better connected ones ‘‘generalists’’ or even ‘‘super-generalists’’;
however, because of the ambiguity in these words (Devictor et al., 2010), we hereafter refer to them ‘‘network specialists’’,
‘‘networks generalists’’. Networks are also generally nested (network generalist animals interact with network specialist
plants, and visa versa), and show evidence for modularity (groups of species that interact closely with each other; Bas-
compte et al., 2003; Jordano et al., 2003; Bascompte et al., 2006; Olesen et al., 2007; Bascompte, 2009; Fontaine et al., 2011).
With the better understanding of mutualistic networks’ structural properties and a large number of empirical network
data available, researchers have also begun exploring how networks evolve over time and influence the evolution of the
species that participate in them. For example, Rezende and colleagues found that phylogenetically related species tend
to play the same roles (i.e., have similar number of interactions) in more than one third of the networks they studied,
and interact with the very same subset of partners in nearly half of those networks (Rezende et al., 2007a), and this
phylogenetic signal may ultimately contribute to nestedness (Rezende et al., 2007b). Guimarães et al. (2011) took a different
tack, looking at issues such as the complementarity (characteristics that facilitate interaction) between interacting species
and convergence (similar characteristics) among species at similar positions in the network, and finding that network super-
generalist species intensified coevolution (a point that was also theoretically suggested by Thompson, 2005). However, a
question that remains unanswered is whether network specialists and network generalists evolve at different rates.
The question of whether specialization influences the speed of evolution and speciation is a major focus of the field
of evolutionary ecology. Previous studies on the evolution of ecological specialization mainly focus on one taxon or just a
few taxa (Vrba, 1987, 1992; Fernández and Vrba, 2005; Cantalapiedra et al., 2011; Salisbury et al., 2012). Specialization is
a bit of paradox in evolution as it has long been thought of as a dead-end, with specialized taxa vulnerable to extinction
(Simpson, 1944; Moran, 1988). But theoretical work is conflicting: whereas Vrba (1980, 1987) suggested that generalist
species have lower speciation and extinction than specialist species, Eldredge and Cracraft (1980), invoking competition,
proposed generalist species might have a higher chance of extinction. Empirical evidence on the transition rates between
the two states have also produced conflicting results, with some studies finding the transition towards specialization more
prominent (e.g., wood beetles, Kelley and Farrell, 1998; walking sticks, Crespi and Sandoval, 2000; phytophagous insects,
Nosil, 2002; mammals, Fernández and Vrba, 2005), and others finding the opposite trend (e.g., birds, Lanyon, 1992; bees,
Muller, 1996 and Armbruster and Baldwin, 1998; butterflies, Janz et al., 2001; seed beetles, Morse and Farrell, 2005). The
cumulative evidence from phylogenetic work, however, has shown that specialization is not necessarily an evolutionary
‘‘dead-end’’: generalists may become specialists over time, and the process may also go in reverse (Colles et al., 2009).
Importantly, the definition of specialization here in this literature is usually linked to foraging niche, habitat selection, or
distributional range (e.g., in Devictor et al., 2010 categorization, ‘‘realized Grinnellian specialization’’). Similar questions
need to be asked for network specialization (which may be categorized by Devictor et al., 2010 as ‘‘realized Eltonian
specialization’’), and the recent wave of time-calibrated phylogenies may provide sufficient data for such investigations.
We here conduct an exploratory analysis on how the network specialization of frugivorous birds in seed dispersal networks
may have influenced their speciation rates and divergence times. For the evolutionary data, we used recent global time-
calibrated phylogeny of birds, in which all known bird species are included (Jetz et al., 2012, 2014), and network data was
obtained from previously published studies. We hypothesized that network specialist species are dependent on their few
interacting partners and that this dependence might increase their chances of extinction, or the possibilities of speciation.
In contrast, the many interactions of network generalists mean that the leverage of any one partner is less. We also test
whether network generalists and specialists have differently sized distributional ranges, to see if network specialists might
be generally rare, and such rarity might increase their extinction rates.
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Table 1
Basic information of the network data used in this study, including network habitat, location and number of frugivorous
bird species (for full references of the studies, see supplemental information, Appendix A).
Reference Habitat Location No. of sp
Beehler 1983 Forest Papa New Guinea 9
Chama 2012 Natural forest South African 31
Chama 2012 Natural forest fragments South African 47
Chama 2012 Agricultural matrix South African 34
Donatti et al. 2011 Gallery, savana, semideciduous forest Brazil 29
Menke et al. 2012 Little disturbed forest interior Kenya 27
Menke et al. 2012 Little disturbed forest edge Kenya 35
Menke et al. 2012 Highly disturbed forest interior Kenya 32
Menke et al. 2012 Highly disturbed forest edge Kenya 36
Olesen et al. 2011 Lowlands srubs and motane forest Spain 17
Poulin et al. 1999 Semideciduous tropical forest Central Panama 11
Reid & Armesto 2011 Subandean shrubland Central Chile 11
Sankamethawee et al. 2011 Seasonally-wet evergreen forest Thailand 53
Schleuning et al. 2011 Primary montante tropical rainforest Kenya 83
Snow & Snow 1971 Neotropical forest Trinidad 14
Snow & Snow 1988 Neotropical forest Trinidad 17
2. Methods
We obtained the network data from the online database (i.e., Interaction Web DataBase, http://www.nceas.ucsb.edu/
interactionweb/), which includes 5 studies of frugivorous birds and the plants whose seeds they disperse. In addition, we
found 6 other similar studies recently published (from 2011), which included a total of 11 networks, because two studies
measured networks in multiple habitats in one region. Hence we had a total of 16 networks, in which were included 281
bird species (Table 1). To check on the actual diet of these bird species, we used the Handbook of the Birds of theWorld On-
line (del Hoyo et al., 2014) to classify species into the following classes: exclusively frugivorous, predominately frugivorous
(as indicated by alternative diets being described as ‘seasonal’, ‘occasional’ or the like), omnivorous (no indication of which
diet was in the majority), and predominately insectivorous (we found no species that were predominately nectarivorous;
granivorous species were classified as frugivores).
To identify the network specialization of the bird species, we followed the method of Olesen et al. (2007). A module
in a network is defined as a group of interacting species with strong internal interactions (within-module) but weak
interlinks (among-module) with the outside groups (Fig. 1). For bipartite, binary networks such as those investigated here,
the participation coefficient among-module degree C and with-in module degree Z characterize the role of each species in
the network (Guimerà and Amaral, 2005; Olesen et al., 2007). To calculate these coefficients, we used the freely available
Netcarto program (http://seeslab.info/downloads/network-cartography-netcarto/), which first uses a simulated annealing
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where kis is the number of links of i to other species in its ownmodule s, ks and SDks are the average and standard deviation
of within-module k of all species in s, respectively, ki is the degree of species i, and kit is the number of links from i to species
in module t (Olesen et al., 2007).
For each network, we calculated two indexes, C and Z . C is the degree of the connectivity among the modules, and Z
measures the degree of connectivity within the module. Following Olesen et al. (2007), if C ≥ 0.62, Z ≥ 2.5, the species is
defined as a network super-generalist, if C < 0.62, Z < 0.25, the species is defined as a network specialist, and otherwise
the species is a network generalist. We classified a species as a network generalist if it was a network generalist in at least
one study (even if it was a network specialist in another study), because this information indicates that the species has the
behavioural flexibility to be a network generalist. Because of the low number of network super-generalists (8), we combined
them with the network generalist group.
To get the divergence time, inmillions of years (Mya), we used the OneZoom database ( www.onezoom.org/EDGE_birds.
htm), which accompanies the studies of Jetz et al. (2012, 2014). Each tip on this tree represents a bird species. The node at
the branch split shows the estimated divergence time between the species and its sister taxon. As a proxy for abundance
(the global population size for a species, for which many species did not have exact data), we used the size of the species’
distributional range, in km2, available from the Bird Life International database (www.birdlife.org/datazone/home).
The dependent variables (divergence time, distributional range) were both right skewed, so we used nonparametric
methods (Wilcoxon tests) to investigate the one-tailed hypotheses that network specialists would have more recent di-
vergence times and smaller distributional ranges than network generalists. We also did an additional analysis in which all
species classified as ‘‘predominately insectivorous’’ were removed from the dataset and theWilcoxon tests were run again.
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Fig. 1. One plant–animal interaction network with five modules (a–e). White nodes stand for plant species and black nodes for animal species. Among-
module degree C measures how a species is positioned with respect to all modules; within-module degree Z measures how species interact with each
other inside the module.
Fig. 2. Divergence time (in millions of years) of network generalist species (G) and network specialist species (S).
3. Results
The data was highly variable, with divergence times ranging from 0.1042 to 43.3 Mya, and the size of species’
distributional ranges varying from 260 to 38 500 000 km2. The divergence time of specialists was smaller (mean ± SE:
4.57± 0.59Mya, n = 211) than that of generalists (mean± SE: 6.60± 0.64Mya, n = 70), and this differencewas significant
(Wilcoxon W = 9141, p = 0.0014; Fig. 2). The distributional ranges of specialists (mean ± SE: 4.14 ± 0.56 ∗ 106 km2)
tended to be slightly lower than that of generalists (mean± SE: 4.40±0.50∗106 km2), but this differencewas not significant
(W = 7765, p = 0.26; Fig. 3).
The diet classification demonstrated thatmany (85) of the species included in the study are predominately insectivorous,
andmost of these (76) were classified as specialists (Table 2). However, when these species were removed from the analysis,
the result remained the same (specialists had lower divergence times than generalists,W = 5286, p = 0.0007; specialists
did not differ in their distributional range from generalists,W = 4249, p = 0.36).
4. Discussion
Our analysis shows that evolution in seed-dispersing frugivorous birds may be influenced by their foraging interactions
with fruiting trees, and specifically that network specialists with few interaction partners may speciate or go extinct more
rapidly than other species. When network specialization is very high, one can imagine dramatic evolutionary changes: for
example, an animal specialist on a plant host might go extinct if that host suddenly declines in number, or may switch to
a new host, with possibilities for speciation (e.g. Van der Niet and Johnson, 2012). Yet our result is somewhat surprising in
that birds are not thought to specialize very intensely on fruit, at least not to the extent that pollinators specialize on the
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Fig. 3. Distributional range (km2) of network generalist species (G) and network specialist species (S).
Table 2
The diet of bird species included in seed dispersal networks, according to the Handbook of the Birds of the World (del Hoyo
et al., 2014), sorted by the role of species in the networks (generalists versus specialists).
Role Diet type Number of species Percentage
G (n = 70)
Exclusively frugivorous 4 5.7
Predominately frugivorous 14 20.0
Omnivorous 43 61.4
Predominately insectivorous 9 12.9
S (n = 211)
Exclusively frugivorous 12 5.7
Predominately frugivorous 22 10.4
Omnivorous 101 47.9
Predominately insectivorous 76 36.0
plant species they pollinate (Blüthgen et al., 2007). Indeed, from that perspective it is surprising that the majority of our
species (211/281) are classified as specialists. Below we discuss (1) some confounding factors that could be producing this
result, (2) some mechanisms by which network specialization could influence the speed of evolutionary diversification, (3)
whether the species is the appropriate taxonomic level to ask these questions, and (4) whether these kinds of analyses can
be extended to other groups such as pollinating insects.
4.1. Possible confounding factors affecting the results, and limitations of the study
We see twomajor factors that could explain why the majority of our species were classified as specialists, and they both
could potentially contribute to the relationship between speciality and divergence time. First, because they are not common,
rare species will have few connections and thus may be defined as network specialists by the network analysis (Vázquez
and Aizen, 2004). Smaller populations have higher risks of extinction (Gaston, 2009), and hence the average rare species
should have diverged relatively recently. We attempted in the analysis to use distributional range as a proxy for abundance,
as ranges and abundances are known to often be correlated (Lawton, 1993), and we did not find specialists and generalists
to differ significantly in the sizes of their ranges. However, this relationship between range and abundance may be due to
common species having broad habitat preferences (Brown, 1984; but see Gaston, 2011 who argues that commonness may
be essentially unpredictable), whereas the fruiting trees that birds chose among in network studies might be all considered
to be in the same habitat. We hope future studies can use data on the species’ abundance at the sites where the networks
were observed as a covariate in these kinds of analyses.
Another potential reason why there are many specialists in the study could be because the species are not exclusively
frugivorous, but include other kinds of resources in their diet. Indeed, we found that 30% of our species were predominately
insectivorous according to the literature, and the vast majority of these species were classified as specialists. If insectivores
have different rates of evolutionary divergence than frugivores, this could confound the results. Yet the follow-up analysis,
with predominately insectivorous species removed, gave results similar to the original one, so we believe that it is unlikely
differences in the proportion of fruit in the diet between specialist and generalist birds contributed to our result.
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Our analysis must also be viewed as preliminary due to limitations of the data. The network data only used 16 networks
and one taxon (birds) of seed dispersers. As to the phylogenetic data, it was notmadewith DNA from all species and includes
some extrapolation (see Jetz et al., 2012), and we used only a single value of the time of divergence of species pairs, without
any estimates of the error in this value.We anticipate thatmore detailed data in the future will require retesting these ideas.
4.2. Potential mechanisms behind differences between network generalists and network specialists in divergence time
Extinction could be a driver of network specialists’ shorter divergence times. Although our range analysis suggests
that network specialists do not have smaller populations than network generalists, network specialist populations could
fluctuate more wildly, as they are dependent on only a few other species that may also undergo population cycles (e.g.,
Hipkiss et al., 2008). Fluctuations on the down side then lead to extinctions, and low average divergence times for those
specialists that are extant.
Could speciation also be a factor contributing to network specialists’ shorter divergence times? Theoretically, network
specialists could be more patchily distributed because their distributions are determined by only a few partners (though
not necessarily rare ones). This patchiness could result in populations becoming isolated from each other, and hence
allopatric speciation (Mayr, 1982). Specialistsmay also have very specific requirements for their reproduction, linked to their
mutualistic partner, and changes in the timing of reproduction could lead to sympatric speciation. For example, hawthorn
flies (Rhagoletis pomonella) in North America laid their eggs only on hawthorns at a specific time of year (Feder et al.,
1988). When the introduced apple species (Malus pumila) became commonly cultivated, some flies that adapted to this
apple species changed the time of their reproduction, and became reproductively isolated. While these ideas here are quite
speculative in relation to frugivorous birds, they are potentially important in taxa that are highly specialized like some
pollinating insects (see below).
4.3. What is the appropriate taxonomic level of analysis for investigations on the evolution of network specialists?
Is the species the appropriate level to be studying this question? According to the ideas about coevolution proposed by
Thompson (1994, 1999), a species can be considered to be composed of many populations, each specialized to different
interactions. Considering populations together in a species level analysis could potentially provide a misleading idea of
uniformity, when in fact there is a complex population-level mosaic of interactions, with some populations being ‘‘hot
spots’’ for strong coevolution that leads to network speciality (Zamora, 2000). Our data indicates that this is a problem
in our analysis, because when the same species is included in multiple networks, the classification of that species is
not always constant. Indeed, there was considerable variation in the C scores (0.389 ± 0.196, n = 54) and Z scores
(−0.231±0.425, n = 54) of those species seen inmore than three networks. Yet, unfortunately, there is currently little data
available at the sub-species (population level), since birds (or pollinating insects) are usually just identified at the species
level, and multiple site studies of networks are still rare.
Another approach would be to look at the taxonomic scale above the species, the genus level, and measure the number
of species in the genus relative to the time since the genus diverged from its sister clade, as a proxy for speciation rate.
This approach has the advantage of having more data, since most published time-calibrated phylogenies usually have more
information at the genus level than at the species level. Disadvantages of this approach are that it is unclear how many
extant species need to be included in the phylogenetic analysis to determine the divergence time of a genus, and how the
variation in the proportion of species included in such analyses can affect results. Also, as only extant species are measured,
extinction’s role in the process is unknown, and we would have to assume that the difference between speciation rates and
extinction rates is greater than zero, and that the accumulation over time of species is an indication of high speciation rates.
A final potential problem about this approach is that genera in different taxamay not be equivalent taxonomic units. Hence,
we suggest species level analyses to answer these questions, with the distinct drawback that little phylogenetic information
is currently available at this level, as discussed below.
4.4. Can these kinds of analyses be extended to other taxonomic groups?
One would expect that network specialization in plant–pollinator systems might be a stronger influence of the speed
of evolution than in fruit dispersal systems, since network specialization is thought to be more intense in pollination
(Blüthgen et al., 2007). Indeed, evidence is accumulating that pollinator shifts are an important contributor to the diversity of
angiosperms (Van der Niet and Johnson, 2012). Yet an initial exploration of the feasibility of using a species-level approach
to investigate these issues in insects was sobering, with divergence times from sister species being available for only a
few species in the network dataset. Potentially, sequence data could be used to generate trees for an analysis, but such an
approach is currently limited, with few sequences of insects or plants that participate in network studies currently found in
Genbank. Hence prospects for meta-analytical studies at present are dim, although we emphasize that with the increasing
knowledge of the ecology and phylogeny of individual species, this situation may change in the future.
In conclusion, our analysis found that network specialists in plant–animal mutualistic networks may diversify evolu-
tionarily more quickly than network generalists. However, the small number of species involved, the potential confounding
influence of rarity, and the lack of clear mechanisms by which fruit preference might influence extinction or speciation in
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birds make our results quite tentative. We hope the pattern we document here receives further attention, because these
same frugivory datasets are used in many large synthetic analyses, and thus differences between specialists and generalists
in their divergence times should be understood. Further, we hope that future studieswill explore this question in pollinators
and that the increasing amount of phylogenetic information will soon make such studies possible.
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